Changes in cortical thickness occur throughout the lifespan, but the neurobiological substrates are poorly understood. Here, we compared the regional patterns of cortical thinning (Magnetic Resonance Images; >4000 observations) with those of gene expression for several neuronal and non-neuronal cell types (Allen Human Brain Atlas). Inter-regional profiles of cortical thinning (estimated from MRIs) related to expression profiles for marker genes of CA1 pyramidal cells, astrocytes and microglia during development (less thinning, greater gene expression). The same expression -thinning patterns were mirrored in aging, but in the opposite direction. The results were replicated in independent MRI datasets. Further analyses suggested that the cell type -thinning relationship is facilitated by astrocytic metabolic processes in development and neural projection and synaptic changes in aging.
Introduction
The human cerebral cortex undergoes constant remodeling throughout the lifespan. Magnetic resonance imaging (MRI) enables the estimation of structural properties of the human cerebral cortex that can, in turn, be related to cognitive, clinical and demographic data [1] [2] [3] [4] , and used as high-fidelity phenotypes for genomic studies [4] [5] [6] . Yet, we lack data necessary for guiding interpretation of MRIbased phenotypes with regard to the underlying neurobiology 7, 8 . Relating MRI-based changes in cortical thickness to specific neurobiological processes is fundamental for our understanding of the normal lifespan trajectories and individual differences of cortical thickness, as well as the nature of cortical abnormalities of various neurodevelopmental and neurodegenerative disorders. Here, we approach this question by studying the regional patterns of age-related cortical thinning in relation to those of mRNA expression of genes indexing several neuronal and non-neuronal cell types.
For MRI-based estimates of cortical thickness, the prototypic lifespan trajectory includes a steep agerelated decrease in childhood and adolescence, followed by a mild monotonic thinning from early adulthood, and in many regions, an accelerated thinning from about the seventh decade of life [9] [10] [11] .
Despite uninterrupted cortical thinning during the lifespan, the underlying neurobiological substrates and processes must be different. Developmental changes in cortical thickness may involve processes such as intracortical myelination, remodeling of dendritic arbours and its components (e.g., dendritic spines), axonal sprouting, and vascularization [12] [13] [14] [15] [16] . With advancing age, cortical thinning may, for instance, be associated with neuronal and dendritic shrinkage [17] [18] [19] . Similar changes at different ages can be related to different biological processes. This may be one of the reasons why the relationship between cognition and cortical thinning tends to exhibit different directions in different age periods: negative in older age (less thinning, better cognition) and positive in childhood and adolescence (more thinning, better cognition) 20, 21 . Altogether, it seems either that the neurobiological foundations of cortical thinning estimated from MRI differ across age periods or that the same components are affected in different directions throughout the lifespan.
The human cerebral cortex consists on several types of cells, which can be classified into neuronalmostly pyramidal cells and interneurons -and non-neuronal cells -mostly glial cells, namely microglia, astrocytes and oligodendrocytes [22] [23] [24] . Histological data suggest that regional variations of cortical thickness may be associated with the number of non-neuronal cells and neuropil volume 25, 26 . Yet, this ex vivo approach may be less suited to uncover the microstructural substrate driving age-related changes in cortical thickness in the general population. Two recent studies have addressed this issue 27, 28 by combining cross-sectional estimates of cortical thickness during adolescence with quantitative MRI data and gene expression data. By combining magnetization transfer and cortical thickness estimates, Whitaker et al. 27 suggested intra-cortical myelination as a primary driver of cortical thinning in the adolescent cortex. On the other side, Shin et al. 28 combined regional profiles of agerelated cortical thickness in adolescence and cell-specific gene expression. Their results suggested that -across the cerebral cortex -inter-regional variations in cortical thinning are associated (negatively) with inter-regional variations in the expression of marker genes for CA1 pyramidal cells, astrocytes, and microglia.
Here we ask whether age-related changes in thickness of the human cerebral cortex, assessed in vivo with longitudinal MRI, are associated with specific neuronal or non-neuronal cell-types. We approached this question using virtual histology 28 , namely by correlating regional profiles of cortical thinning -during different periods of the lifespan -with regional profiles of cell-specific gene expression. Further, to understand the biological processes that articulate the cell type -cortical thinning relationship during a given period in life, we identified those processes that were associated with a specific cell-type, regulated during the given age period and linked with cortical thinning. Our objective was to shed light on the neurobiological substrates underlying cortical thinning at different stages during the lifespan, and the molecular mechanisms that mediate the cell type -cortical thinning relationship at different age periods.
Site
Obs Briefly, the MRI and gene expression datasets were parsed into 34 cortical regions-of-interest (ROIs) of the left hemisphere 29 . MRI data were drawn from the Center for Lifespan Changes in Brain and Cognition (LCBC) consisting of 4,004 observations from 1,899 cognitively healthy participants with up to 6 time points each ( Table 1) . MRI data were processed through the FreeSurfer pipeline and fitted using generalized additive mixed models (GAMM) (see Materials and methods for details). Cortical thinning was estimated as the first derivative of the fitted model, and units represent mm of thickness change per year (mm/yr). For gene expression, we used the Allen Human Brain Atlas (AHBA) 30 , a public resource that includes values of gene expression in multiple regions of the human cerebral cortex. As cell-specific markers, we used genes identified as unique to one of nine cell-types based on single-cell RNA data extracted from the CA1 region and the somatosensory region (S1) in mice 31 . Genes without consistent inter-regional profiles of their expression were filtered out 28 . As most cortical regions show thinning during the whole lifespan, hereafter we refer to the cortical thinning/thickening estimates by cortical thinning and use the terms "more and less thinning" to denote directionality. Note though that the cortical estimates are measured throughout the thickening/thinning continuum and positive values in the derivative reflect thickening while negative values denote thinning.
Results

Lifespan trajectories of cortical thickness and cortical thinning.
For most regions, the lifespan trajectories of cortical thickness displayed the prototypic pattern characterized by a steep decline in MRI-based estimates of thickness during childhood and adolescence, a mild monotonic thinning from the early adulthood onwards, and a trend towards accelerated thinning in older adulthood as shown by the first derivatives of the fitting (see Fig. 1 ). See an interactive visualization of cortical thickness and thinning trajectories for each region in supporting information. Lifespan Virtual Histology. Cell type -cortical thinning relationship throughout the lifespan.
Next, we used the virtual-histology approach to assess the relationship between cortical thinning across the lifespan (first-derivative) and cell-specific gene expression across the 34 cortical regions. As shown in Fig. 2a , we observed that the average correlation coefficient for the different cell-types varied throughout the lifespan. The average correlation coefficients differed from the empirical null distributions for the following cell-types and age periods: astrocytes (5 -11 years, 35 -41 years, 61 -67 years), microglia (5 -13 years, 65 -71 years) and CA1 pyramidal cells (5 -9 years, 63 -79 years). All results were corrected for both the within (Bonferroni) and between (FDR) cell-type multiple comparisons. Note that the first derivative denotes the degree of thinning so that regions with lower thinning have less negative values of the first derivative. Therefore, a positive correlation implies that -across the 34 cortical regions -the higher the cell-specific gene expression values are, the less steep the cortical thinning is (i.e., less negative first derivative). Conversely, for a negative correlation: the higher the cell-type expression values are, the steeper (i.e., more negative 1 st derivative) the cortical thinning. The average correlation coefficients in childhood/adolescence (for astrocytes, microglia and, CA1 pyramidal cells), and during middle-age (for astrocytes) were positive: thus, cortical regions with higher cell-specific expression for astrocytes, microglia, and CA1 pyramidal cells displayed less pronounced thinning. During older age, the gene expression -thinning correlations were negative: thus, cortical regions with higher cell-specific expression for astrocytes, microglia and, CA1 pyramidal cells displayed more pronounced age-related cortical thinning. The results were robust to variations of different fitting parameters (SI text; Supplementary Fig. 1 ). The complete statistics are available in the supporting information. Next, we replicated the main findings in three independent datasets that corresponded to the age periods with significant results (i.e. childhood/adolescence, middle-age and older age periods). As seen in Fig. 2b , we replicated all expression -thinning correlations observed in the discovery sample: positive correlations for astrocytes, microglia and CA1 pyramidal cells in childhood and adolescence, positive correlation for astrocytes in middle-age, and negative correlations for astrocytes, microglia and CA1 pyramidal cells in older age. Note that significance was only tested for the cell types that were significant in the main (discovery) results. See SI text for a detailed description of the replication results and the samples used.
Figure 2. Virtual Histology along the lifespan. Correlation coefficients between the
cortical thinning profile along the lifespan and mean regional profiles of gene expression levels in each of the 9 cell types. a) Thinning profile obtained from the LCBC dataset. (n = 4,004 observations). b) Thinning profile for the replication datasets. SYS replication dataset visualization is trimmed after 55 years to avoid overlap with AIBL sample (see SI text for more information). Three different sample cohorts were used corresponding to the age-ranges where significant associations between thinning profile and cell-specific gene expression were found. We used the Brazil High Risk Cohort to encompass school years, the SYS dataset for middle-aged participants, and the AIBL data for older adults (n = 1,174, Virtual Histology. Cell type -cortical thinning relationship for cell type subclasses.
Next, we tested whether different subclasses of astrocytes, microglia, and CA1 pyramidal cells could account for the cortical thinning -gene expression relationship in the childhood and the aging periods.
To facilitate the analysis, we reduced the cortical thinning phenotypes to three developmental periods corresponding to the inter-regional patterns of cortical thinning in childhood (5 -9 years), middle-age Fig. 4 and Table 2 . The results showed that the same celltype subclasses are associated with thinning profiles during childhood and older adulthood (but -as expected based on the original analysis -with the opposite expression -thinning direction) ( Table 3) .
For CA1 pyramidal cells, only expression for the CA1Pyr2 subclass was associated with young and old cortical thinning profiles. where thinning significantly related to cell-type specific expression). Expression -thinning association at a) childhood (5 -9 years), b) middle-age (35 -41 years) , and c) old age (63-67 years) . Table 2 . Expression -thinning statistics. Main statistics from the expression -thinning correlation analysis at the age of interest (i.e. where thinning significantly related to cell-type specific expression; at young age (5 -9 years), middle age (35 -41 years) , and old age (63-67 years) ). Genes indicate the number of genes included in each cell-type group. r indicates the average expression -thinning correlation coefficient across all genes within a cell-type group. "p" and "p-fdr" denote the significance of the average expression -thinning correlation -estimated as a function of the empirical null distributionbefore and after FDR-adjustment for n = 9 different cell-type comparisons. See also Fig. 4 Table 3 . Cell-type subclasses. Relationship between cortical thinning profiles (at young, middle age and old age periods) and gene expression associated with subclasses of astrocytes, microglia, and CA1 pyramidal cells. Rank indicates the ranking of a given cell -type subclass in terms of average expression -thickness correlation coefficients (n = 47 subclasses; ranking in the older period has been reversed).
Each plot shows the distribution of the expression -thinning correlation coefficients for genes in each cell-type group as a density function and as a cloud of dots. The x-axes indicate the coefficients of correlation between the thinning profile and the expression profiles. The y-axes indicate the estimated probability density for the correlation coefficients; the vertical black line indicates the average expression -thinning correlation coefficient across all genes within a celltype group while the shaded gray box indicates the 95% limits of the empirical null distribution, thus indicating 5% significance level unadjusted between cell-type comparisons. See also
Bold p-values indicate significance after FDR-adjustment for multiple comparisons (n = 10 for young and old and n = 2 for the middle-age thinning profiles). Astr. = Astrocytes, CA1.Pyr = CA1 Pyramidal cells, Mgl = Microglia. Note that in middle-age, only astrocyte subclasses were tested, as, in this period, microglia and CA1 pyramidal-specific gene expression was not associated with cortical thinning (see
Fig. 2).
Gene Ontology (GO) enrichment analysis. Different processes mediate the cell type -cortical thinning relationship in different age periods.
This analysis was aimed at identifying candidate neurobiological mechanisms that may mediate the cortical thinning -cell-type associations at the different ends of the lifespan. For young and old age, we intersected three different gene ontology (GO) enrichment analyses for biological processes to reveal (1) which were regulated during a particular age period, (2) which were associated with cortical thinning within the same age period, and (3) which were linked to a specific cell type (see Materials and methods for details). We found that in young and old age, respectively, 32 and 16 processes were triply enriched (all tests FDR-p < .05); a triply enriched process is one that (1) underwent regulation during young or old age, and (2) was enriched for cortical thinning, and (3) was enriched for a specific cell type (i.e. astrocyte, microglia or CA1-pyramidal neurons). See a visual representation in Fig. 5 and Table S1 for a list of triply enriched terms. In younger age, triply enriched processes included "small molecule metabolic", "catabolic", "generation of precursor metabolites" and "oxoacid metabolic processes", which were associated with less regional thinning and the astrocyte cell type, while "cellular response to stimulus", "vesicle-mediated transport", "cell motility" and "signal transduction" were associated with less regional thinning and the microglia cell type. In older age, triply enriched processes involved "neuron projection morphogenesis", "modulation of chemical synaptic transmission" or "regulation of trans-synaptic signaling", which were associated with steeper cortical thinning and CA1-pyramidal cell-type, while regulation of "cell communication" and "signal transduction", were associated with steeper cortical thinning and the microglia cell-type. In brief, triply enriched processes were centered in astrocytic metabolism in young age, while in older age these were aligned with synaptic communication. Microglial signaling processes were triply enriched both in younger and older age. See detailed GO results in supporting information. See Directed Acyclic Graph (DAG) in Supplementary Fig. 2 for a visual display of biological processes with ongoing regulation during younger (490 processes) and older (95 processes) age.
Figure 5. GO intersection. Circles represent biological processes associated with changes in gene
expression during an age period (i.e. young or older age). Black borders additionally display those GO gene sets enriched for genes associated with cortical thinning. Blue (microglia), green (CA1 pyramidal) and, red (astrocytes) represent biological processes enriched for cell-specific genes. Significance is considered at p < 0.05 FDR-corrected in all the enrichment analyses. Biological processes are spread along the X and Y-axis based on Lin's Semantic Similarity as implemented in the "GOSemSim" Rpackage 81 . See also Table S1.
Discussion
In this study, we showed that inter-regional profiles of cortical thinning estimated from MRI relate to expression profiles for marker genes of CA1 pyramidal cells, astrocytes and microglia. The relationships were particularly evident during development and aging but in opposite directions.
Across the 34 cortical regions, higher expression of cell-specific genes was associated with less thinning in younger age and steeper thinning in older age. Additional enrichment analyses suggest that cell type -thinning relationships might rely on partially different mechanisms in younger and older age. The implications of the results are discussed below.
Remarkably, we found that cell-type expression -thinning patterns during development are mirrored later in life. The interregional profiles of cortical thickness also exhibit the same pattern as over 70% of the variance of the thickness profile is explained by astrocytes, microglia, and CA1-pyramidalspecific gene expression 28 . This overarching pattern fits with the view that thinning during developmental and old age periods closely resemble a topography based on common genetic influences 7 . While the same cell types are involved in cortical thinning at different periods in life, it is unclear whether the same or different molecular functions are at play. As cortical thinning and thus the expression -thinning correlations change over the lifespan, the cell-type associations can be understood at least from three different angles: 1) cortical thinning reflects a direct loss of cell numbers or -more likely -volume 2) cell-specific processes -e.g., apoptosis, metabolic demandsmediate indirectly the relationship between cell-type and thinning of the cerebral cortex, 3) an interaction between developmental (or neurodegenerative) processes and MRI acquisition parameters or analytical features -e.g. shifts in T1/T2 boundary may occur due to myelination 11 .
The association of astrocytes, microglia and CA1 pyramidal cells with less cortical thinning during development replicates our earlier findings in an independent, cross-sectional sample 28 . Involvement of CA1-pyramidal cells with less cortical thinning agrees with the notion that axonal sprouting and remodeling of dendritic arbor are associated with relative thickening of the developing cerebral cortex 7 . CA1 pyramidal genes are highly enriched for terms such as "regulation of dendrite extension" in contrast with S1 pyramidal genes, enriched by terms associated with potassium transport and activity 28 . A plausible theory is that the thinning profiles in childhood and early adolescence are primarily dependent on the regional dynamics of dendritic growth. At mid-adolescence, the CA1 expressionthinning relationship disappears. It is possible that intra-cortical myelination or a shift in dendritic dynamics might dominate the profile of inter-regional variation in cortical thinning in late adolescence (see further discussion of myelination processes in the technical considerations section) 16, 27 .
In aging, regions with high CA1 pyramidal expression coincide with those undergoing steeper thinning.
This observation fits with both existing histological evidence and current predictions that link dendritic shrinkage with reduced cortical thickness in older brains [17] [18] [19] 32 . Although neuronal numbers seem preserved in aging 23, 33 , recent evidence suggests that specific neural subpopulations numbersnamely neurons with large cell bodies -might decrease in aged brains 34 . Again, S1 pyramidal expression was unrelated to thinning with advancing age, which is consistent with evidence that neuron-specific changes of gene expression with age are dependent on cellular identity 34, 35 . A promising direction requires linking variations of neuronal properties -including regional variations in dendritic and soma size -with MRI estimates of cortical thinning 36 . As a proof of principle, we found that for CA1 pyramidal cells, only expression for the CA1Pyr2 subclass was associated with the thinning profiles. Expression of CA1Pyr2-specific genes is associated with mitochondrial function, which correlates with the firing rate and length of projections in cortical neurons 31 .
Expression of genes specific to astrocytes and microglia was associated with cortical thinning in both younger and older ages. These two cell types represent around 19% and 6% of the glial cells in the neocortex 23 , and these numbers are preserved or -for microglia -even increased during the lifespan 23, [37] [38] [39] . Thus -despite modest changes in the cell morphology throughout the lifespan 37,40 -it is more likely that the relationship between cortical thinning and these glial subpopulations relates to interactions with other neural components. This interpretation agrees with the notion that both astrocytes and microglia functions are highly adaptable and dependent on the biological environment and that their response profile changes with age. It is also consistent with the observations that both microglia and astrocyte genes are up-regulated homogenously in the cerebral cortex with advancing age 34, 35 , which leans towards a reactive phenotype for astrocytes and a shift to a pro-inflammatory profile for microglia 41, 42 .
As astrocytes and microglia have multiple biological functions in the human brain and it is unclear which of these functions are related to cortical thinning and whether the relationship is stable across different age periods. One can anchor the expression -thinning associations to age-specific neurobiological mechanisms by identifying those processes that undergo regulation during a given age period. The assumption is that genes that change in expression will link to critical processes taking place at a given period in life. We found several metabolic processes to be triply enriched in younger age. This means that they undergo expression changes during development, relate to the childhood cortical thinning profile and are astrocyte-specific. Astrocytic metabolic processes -mainly of glycolytic nature -provide energy substrates to the brain 43 . In the human brain, metabolic requirements peak in childhood and until puberty 44 . Astrocytes distribute energy substrates -mostly lactate -to active neurons 45, 46 , sustaining glutamatergic neurotransmission, synaptic plasticity, and thus long-term memory formation 47 . Genes associated with metabolic processes remained unaltered in aging, in congruence with Boisvert et al. 48 who found that astrocytic homeostatic genes were largely unchanged with aging.
The GO analyses pointed out diverse signaling pathways as candidates to mediate the microgliathinning relationship in both young and old age. These results highlight the versatility and the responsiveness of microglia to the surrounding environment 49 . As microglia are very sensitive to changes in the surrounding environment 50 , they might exert different functions with opposite effects depending on the period of life. Microglia engage in crosstalk with neurons and astrocytes, and can modulate synaptic homeostasis and remodel synaptic structures. Substantial changes characterize the aging microglia, both in morphology and function 41, 49 . It is unclear which microglial processes are involved in cortical thinning in aging, but one speculation is that it has a role in the removal of myelin and cellular debris, which seems to contribute to the wear and tear of microglia in the aging brain 51 .
Technical considerations
Two features of the study require special consideration, namely the source of variability and the correlational nature of the analyses. The main measure of the study is the interregional profile of cortical thinning (at different ages). While it represents a robust and stable measure, the interregional thinning profile is unable to provide information neither at an individual level nor across time; hence, a portion of the variability remains unexplored. Relative disparity amongst studies might reside on different characterizations of cortical thinning variability 27 11, 26, 27, 52 . Lack of findings may relate to the nature of the interregional profiles, which represent snapshots in time and, hence, are determined by the differential sum of processes that modulate cortical thickness in each area. Thus, it is plausible that the lack of results in regards to oligodendrocytes relate to the dimension in which we observed the variability (i.e. interregional profile vs. regional developmental trajectories). Nonetheless, we observed an (uncorrected) relationship of S1-pyramidal cells and oligodendrocytes (in the replication sample) expression profiles and steeper thinning in late adolescence. This observation might indicate the cortical thinning profile becomes dominated by myelination processes in later phases of brain maturation and with the notion that morphological features of pyramidal cells, such as dendritic tree size or branching, have dissimilar regional trajectories throughout development 53 . Altogether, it is likely that, at least in early phases of life, diverging mechanisms promote at the same time thinning and thickening of the cerebral cortex 32 .
Conclusion
Considerable work has been devoted to the understanding of the relationship between microscale neuronal features and macroscopic morphology 36, [54] [55] [56] . Yet, the underlying mechanisms driving macroscopic cortical changes remain largely unknown. Thus, understanding the biological substrate underlying MRI-based estimates of cortical thinning during different stages of the lifespan remains a key issue in neuroscience given the ever-increasing use of neuroimaging and the association of cortical thickness variations with neurodevelopmental and neurodegenerative pathology. We found that cortical thinning was associated with CA1 pyramidal cell, astrocytes, and microglia expression in development and that this was mirrored in aging with reverse relations. These results were replicated in independent MRI datasets. The processes underlying these associations seem to differ at both ends of the lifespan. Astrocytic metabolic processes appear prominently related to regional variations in cortical thinning earlier in life while synaptic changes and alterations in pyramidal morphology appear to be dominantly involved in the thinning profile in aging. Microglia's relationship with cortical thinning in both lifespan periods appears to articulate through signaling pathways. These findings represent a contribution towards understanding the neurobiological mechanisms underlying cortical thinning across the lifespan.
Material and methods
MRI sample
A total of 4,004 scans from 1,899 healthy participants (1, 135 62 . More than one scan was available for 1,017 participants; the mean number of scans per participant was 2.1 (range 1-6) spanning up to 11.1 years after the initial scan. The density of sampling was higher in the childhood/adolescence and during the 7 th and 8 th decade of life. See Supplementary Fig. 3 and Table 1 for a visual representation and descriptive information.
In all studies, participants were screened through health and neuropsychological assessments.
Common exclusion criteria consisted of evidence of neurologic or psychiatric disorders, learning disabilities or current use of medicines known to affect the nervous system. In addition, participants were excluded from the current study based on the following criteria: lack of a valid structural scan (i.e. excessive movement, acquisition or surface reconstruction errors), score <25 on the Mini Mental State Examination (MMSE) 63 , score of ≥20 on the Beck Depression Inventory (BDI) 64 , and age > 90 due to low sampling density after this age. All the studies were approved by a Norwegian Regional Committee for Medical and Health Research Ethics. See SI text for further details on samples.
For replication, we used three additional samples that encompassed the age periods in which we observed associations between regional patterns of cortical thinning and cell-specific gene expression.
We used the Brazil High Risk Cohort 65 to replicate findings during childhood/adolescence. For replication of results in middle-age, we used the cohort of parents of the Saguenay Youth Study (SYS) 66 . For older adults, the replication sample was collected by the AIBL study group. AIBL study methodology has been reported previously 67 . See Supplementary Fig. 3, Supplementary Table 3 and SI text for the replication sample description.
MRI acquisition and preprocessing
LCBC image data were collected using four different scanners. Three scanners (Avanto2 Trondheim. For 285 participants, data were available for two or more MRI machines from the same day (n = 285). For each participant and visit, we obtained a T1-weighted magnetization prepared rapid gradient echo (MPRAGE) sequence. See SI text for MRI acquisition parameters in both the LCBC and the replication datasets.
Data were processed on the Colossus processing cluster, University of Oslo. We used the longitudinal FreeSurfer v.6.0. stream 68 for cortical reconstruction of the structural T1-weighted data (http://surfer.nmr.mgh.harvard.edu/fswiki) [69] [70] [71] . See the pipeline description in SI text. See SI text for differences in the MRI processing pipeline in the replication datasets.
MRI analysis. Estimation of cortical thinning along the lifespan.
After the surface reconstruction, MRI-based estimates of cortical thickness were extracted for the 34 left hemisphere ROIs corresponding to the Desikan-Killiany atlas 29 . We ran an analysis to estimate each region's cortical thinning -or thickening -at any given point during the lifespan. The MRI analysis was implemented in R (www.r-project.org).
First, for each of the 34 cortical regions, thickness data were fitted to age using generalized additive mixed models (GAMM) with "mgcv" R package 72 . The GAMM fitting technique represents a flexible routine that allows nonparametric fitting with relaxed assumptions about the relationship between thickness and age 7 . The technique is well suited for fitting nonlinear relationships through local smoothing effects, independent of any predefined model, and robust to age-range selections and distant data points 73 .
All GAMM models included sex and scanner as covariates and participant identifiers as random effects.
We specified cubic splines as smooth terms 72 and limited to k = 6 the knots of the spline, a somewhat conservative option to minimize the risk of overfitting and to increase the stability of the derivatives.
See SI text for results with a varying number of knots. Next, we excluded those observations ± 7 SD above or below the cortical thickness trajectory (mean = 3.2 [1.8 SD] observations excluded per region). After outlier removal, cortical thickness data were re-fitted by age with GAMM (separately in each region).
Finally, we considered the GAMM derivatives to obtain the trajectories of cortical thinning along the lifespan. For each region, we obtained the derivative -and its confidence intervals -based on a finite differences approach as implemented in the "schoenenberg" R package (https://github.com/gavinsimpson/schoenberg). Positive values in the derivative are interpreted as higher cortical thickening while negative values are interpreted as steeper thinning at any given age.
For each cortical region, we then extracted the derivative values at discrete ages (from 5 to 89 years; every 2 years) resulting in n = 43 cortical thinning profiles spanning from childhood to old adulthood.
We created an interactive platform using the "shiny" R package to allow the exploration of both the trajectories of cortical thickness and thinning along the lifespan, and the inter-regional profiles of cortical thinning at any age (supporting information). Also for visualization, we computed the estimated trajectories of cortical thickness and thinning during the lifespan using weighted average cortical thickness -across the 34 ROIs -as the fitting data.
Gene expression analysis. Estimation of cell-specific gene expression across the cortical surface.
We used the scripts provided by French et al. 28 to obtain gene expression profiles across the left hemisphere. All the in-house procedures were implemented in R (www.r-project.org). Note that only genes with inter-regional profiles consistent across the six donors (Allen Human Brain Atlas) and across two datasets (Allen Human Brain Atlas and the BrainSpan Atlas) were used (see below for details).
Gene expression profile
Gene expression data were obtained from the Allen Human Brain Atlas, based on postmortem human brains, providing comprehensive coverage of the normal adult brain (http://www.brain-map.org) 30 .
Isolated RNA was hybridized to custom 64K Agilent microarrays (58,692 probes) by the Allen Institute.
Gene expression data for the left hemisphere were available for six donors (five males aged 24, 31, 39, 55 and 57 years; and one female aged 49 years).
As previously described 74 , gene-expression data from the Allen Human Brain Atlas were mapped to the Desikan-Killiany atlas in FreeSurfer space yielding up to 1,269 labeled samples per brain inside or close to a FreeSurfer cortical region 29 . The expression values of the mapped samples were mean averaged across microarray probes to provide a single expression value for each gene for a given sample. Median averages were used to summarize expression values within each of the ROI and donor, which was followed by the median average across the six donors. This yielded a single value for each region representing the median profile for a given gene across the 34 cortical regions.
Consistency of inter-regional profiles in gene expression
The consistency of the inter-regional gene expression profiles was assessed with a two-stage procedure after which we retained a panel of (n = 2,511) genes with consistent gene expression profiles from the original 20,737 genes profiled in the Allen Human Brain Atlas.
In stage 1, we calculated the mean Spearman correlation between each of the six donor's profiles and the median (group) profile for each gene. Using this metric, the median profile provides a good approximation across the donors for 39.7% of the assayed genes (rho > 0.446 corresponding to onesided p < 0.05 derived from random simulations of donor expression profiles) 74 . In stage 2, we relied on the BrainSpan Atlas, which provides gene expression data in the developing human brain (www.brainspan.org) 75 as previously implemented 28 . We limited the samples to age > 12 years (n = 9 donors) and downloaded gene expression values obtained in 11 cortical regions included in the BrainSpan atlas that are homologous to those on the Desikan-Killiany parcellation employed in the Allen Human Brain Atlas. Next, we compared the similarity between the regional profile between the Allen Human Brain Atlas and the BrainSpan Atlas across the 11 cortical regions available in both atlases. Only genes that showed a correlation between the two profiles higher than r = 0.52 (one-sided test P < 0.05) were retained.
Panels of Cell-Specific Marker Genes
Lists of genes expressed in specific cell types were obtained from Zeisel et al. 31 . In their study, singlecell transcriptomes were obtained for 3,005 cells from the somatosensory cortex (S1) and the CA1 hippocampus region of mice. Gene expression was then biclustered into nine classes that contained each over 100 genes.
We converted mouse genes to human gene symbols using the HomoloGene database (http://www.ncbi.nlm.gov/homologene) 76 , as implemented in the "homologene" R package (https://github.com/oganm/homologene). The resulting classes of cell types and the number of marker genes kept after consistent genes were filtered are: S1 pyramidal neurons (n = 73 human gene symbols), CA1 pyramidal neurons (n = 103), interneurons (n = 100), astrocytes (n = 54), microglia (n = 48), oligodendrocytes (n = 60), ependymal (n = 84), endothelial (n = 57), and mural (pericytes and vascular smooth muscle cells; n = 25).
Panels of Subclass Cell-Specific Marker Genes
In addition to the main nine classes of cells described above, we explored the association between cortical thinning and expression for specific subclasses of cells. Expression of genes associated with a specific subtype of cell was obtained from Zeisel et al. 31 . In their study, each cell (n = 3,005) was classified both into a main and a second-level type of cell based on the expression profile. Most of the subclasses have anonymous tags but do also include some known markers, layer or region information. Following previous work 35 , each gene was converted to human gene symbols. We logtransformed the RPKM values, added 1 and, Z-standardized the values across cells. Genes with average standardized expression levels higher than two standard deviations in a given transcriptomic cell type were considered cell-type enriched. Cell subclass panels of genes were obtained by filtering the n = 2,511 genes (with consistent inter-regional profile) and restricting each subclass panel up to 21 marker genes.
Gene Ontology Enrichment Analyses. Gene lists.
We carried out a series of Genetic Ontology (GO) Enrichment Analyses to further understand the role of specific cell-types on cortical thinning in each age period of interest, namely in younger and older ages. Specifically, we intersected three different GO enrichment analyses to reveal which biological processes were regulated during an age period, were associated with cortical thinning -in the same age period -and could be linked to a specific cell type. The list of genes whose expression was associated with age-specific up/down regulation, cortical thinning and, specific cell-types was obtained as explained below.
List of genes associated with expression regulation at critical age periods
First, we obtained two lists of genes that were linked with expression regulation in young and old age.
To do so, we used post-mortem gene expression values of the human cortex from the following Table S2 . Only genes with expression in all datasets were considered. For each gene and dataset, gene expression values were scaled and fed into a GAMM analysis (smooth term = cubic spline; knots = 8) that included age as the smooth term, sex as covariates, and dataset and donor identifiers as random effects. 1.0% of the genes were discarded due to fitting problems (mostly convergence issues). After computing the derivative of the fittings -as detailed above -we considered genes undergoing up/down-regulation those whose derivative deviated > 3 SEM during the young and old age periods. Of the 15,693 fitted genes (background genes), 3,807 and 3,508 were being up and down-regulated during the young period and 569 and 661 during the old period.
List of genes associated with cortical thinning critical age periods
We obtained a list of genes associated with inter-regional variations of cortical thinning at younger and older age. The cortical thinning list included the top 10% of genes (n = 2 074) associated with less cortical thinning at younger age and more cortical thinning at older age (due to specific directionality of the cell type -cortical thinning relationship). The expression -thinning relationship was r > .38 and r < -.32 for the young and old lists (p < .013 and p < .03, one-tailed, n = 34 regions). The background list included 20,737 genes with expression -thinning values. Note that no consistency filter was applied as GO terms were associated with consistency 74 and to increase the power of the analysis.
List of genes associated with specific cell-types
We obtained a list of genes associated with astrocyte, microglia and CA1-pyramidal cell types. The background list consisted on the n = 2,767 cell-specific genes reported in 31 while as foreground we used those specific to CA1-pyramidal (n = 357), astrocytes (n = 214) and, microglia (n = 374).
Higher-level statistical analysis
Correlation between lifespan thinning and cell-specific gene expression profiles
In the main analysis, we assessed the relationship between the inter-regional profiles of cortical thinning -obtained from the GAMM derivative sampled between 5 and 89 years -and the interregional profiles of gene expression associated with specific cell types. For each cortical profile and marker gene, we computed the Pearson correlation coefficients between the thinning profile and the median inter-regional profile of gene expression levels for each marker gene; yielding a gene-specific measure of expression -thinning correlation.
We used a resampling-based approach to test the association between cell-type expression and cortical thinning profiles 28 . The average expression -thinning correlation for each group of cell-specific genes served as the test statistic (i.e. mean correlation between cortical phenotype and cell-specific gene expression). In addition, we controlled for multiple comparisons, accounting both for the number of cortical thinning profiles (i.e. age points n = 43) and for the different cell-types (n = 9).
For each cell-type panel, we obtained the empirical null distribution of the test statistic as follows. 1)
From all the (n = 2,511) consistent genes, we randomly selected the same number of genes as that of the genes in the cell-type group under consideration. 2) For each thinning profile (n = 43 sampled ages), we averaged the expression -thinning correlation coefficients of all the selected genes. Thus, for each random sample, we obtained the mean correlation coefficients at each age. (3) Of the n = 43 coefficients, we selected the one with absolute maximum expression -thinning correlation. This step is essential to introduce a Bonferroni-like correction for multiple comparisons at a within cell-type level while accounting for the non-independency of the thinning estimates (e.g. the cortical thinning profiles at age 60 and 62 are not independent observations). The null distribution was estimated by repeating the previous three steps for 10,000 iterations. A two-sided p-value was computed as the proportion of average thinning -expression correlations whose values exceeded the average for the genes in the original cell-type group. We rejected the null hypothesis at p = .05 False Discovery Rate (FDR)-adjusted significance thus correcting for multiple testing of the nine cell-type groups.
The same procedure was run for the three replication-samples with the following variations. The number of within cell-type comparisons was defined by the specific age range of each replication sample (n = 6, 15 and 17 2-year steps for Brazil, SYS, and AIBL datasets, respectively). Second, significance testing and FDR between cell-type corrections were only applied for those cell-type groups that were significant in the main analysis.
Post-hoc analysis. Correlation with cell-type subclasses
We explored further whether specific subclasses of astrocytes, microglia, and CA1-pyramidal cellsthe three cell types whose expression related to the thinning profiles at different age periods (see below) -were associated differently with cortical thinning profiles at the different developmental periods. For each developmental period of interest -namely, childhood, middle-age and older agethe cortical profiles of thinning were averaged to a single phenotype per period. Then, we assessed the correlation between thinning profiles in childhood, middle-aged and old adulthood and gene expression profiles for each subtype of cell as described before -excluding the multiple comparisons correction for age. In addition, the different subclasses of interest were ranked -i.e. from higher to lower expression -thinning correlation -to better evaluate whether different cell-type subclasses drive the thinning-expression relationship in the childhood and the aging periods. The results were plotted with "ggplot2" R package tools to ease inspection of data.
Gene Ontology Enrichment Analysis. Term intersection
To study those biological processes that are associated with specific cell-types, cortical thinning and age-related regulation in both young and old age, we carried out three different GO enrichment analyses and intersected the results. GO term enrichment was performed with VisuaL Annotation Display (VLAD; version 1.6.0) 80 using the Human Gene-function annotation from Gene Ontology Annotation (GOA) Database. Only the Biological Process ontology was considered.
First, we obtained those terms associated with age-dependent regulation (i.e. associated with genes that are being up/down-regulated in young and old age; FDR-p < .05). Both lists of up and downregulated genes were simultaneously fed to the term enrichment software. We considered the resulting terms (n = 440 and 95 for young and old age periods) as biological processes that were regulated during younger and older age and thus likely candidates to drive age-specific patterns of cortical thinning. Term enrichment for cortical thinning (at each age) and cell-type (CA1, astrocytes, and microglia) was then performed in the surviving biological processes (FDR p < .05 corrected).
Biological processes enriched for cell-type and cortical thinning and, importantly, regulated during a given age period represent likely mechanisms for cell type-dependent cortical thinning of the brain.
Enriched terms were plotted as a function of Lin's semantic similarity -as implemented in the "GOSemSim" R-package 81 .
